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Electroweak Symmetry Breaking/Higgs Mechanism

@ SU(2); ® U(1)y gauge theory is tested to a great precision. It is not an exact symmetry
of our vacuum. Otherwise, quarks, leptons and gauge bosons would all be massless!

@ Simplest solution: Complex doublet of scalar fields, i.e., 4 degrees of freedom (4 dof) in
a ¢* potential: V() = p2dTd 4+ A(¢Td)2, 42 <0, A >0

0

_ 1

e (d)y = 7y > where
v=/—p2/A£0

o Non-zero VEV (®)g
spontaneously breaks the
global symmetry

2
o Lriggs = |0+ igW T + ig'BL)®| — V()
@ Transverse polarizations of W* and Z absorb 3 out of 4 dof. Remaining one is the

fundamental scalar H
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Experimental Constraints on the Higgs Mass
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@ Precision fits to electroweak data with M;,;,=170.9 £ 1.8 GeV
@ Direct search at LEP excludes My < 114.4 GeV@ 95% CL

@ My=80.413 + 0.048 GeV(CDF) = Data prefers lighter Higgs!
@ Best fit of My = 76733, or My < 144 GeV
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Tevatron Synchrotron

FERMILAB'S ACCELERATOR CHAIN

7= _ MAIN INJECTOR
I/(ﬂ 2% \\\
TEVATRON i \{{RECYCLER ™=
— --7—_-_'1‘:}1 \\ . \ ‘j‘.

Ul

BU OSTER
LINAC

NEUTRIN 0

@ pp collisions at /s = 1.96 TeV

@ 1000 superconducing magnets, 4 mi.
circumference, W*/Z factory

Bunch crossing every 396 ns.
@ Run IlA: April 2002 - April 2006
~1.3 fb~! delivered
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A Search for Higgs Boson at D@

pgraded D@ Detector

e CCn| <11, EC:15 < |n < 3.0

@ DAQ and CAL electronics upgrades

@ Triggers on tracks and displaced
vertices

@ Run lIA: ~1.0 fb~1 recorded
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D@ Triggering System

@ > Crossing frequency @
1.7MHz

But data acquisition rate is limited to 100 Hz

=> 3 Level Trigger System

Ll 12 13
1.7 MHz | Decision time 2.5 kHz | Decision time} / kHz| Decision time] 100 Hz
4.2u5 > 100 ~50ms
« Hardware based - Software and - Software based
Firmware based « Simple versions of

« Simple Signatures
in each Sub-Detector « Physics Objects reconstruction algorithms
e,l,jets, tracks

o Triggers for a specific physics group: B Physics, Electroweak, Higgs, QCD, Top

o Objects: e/v, p, 7, jets, FT and combinations of these

@ For “rare” /unknown phenomena: Maximize exposure rate < minimize prescale for
highest luminosities
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Higgs Searches at the Tevatron

Higgs - Production and Decay at the Tevatron

SMHiggs production
T T

gg+h

T
TevVIl —
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Gluon fusion dominates
o(gg — H) =0.8-0.2 pb
o(WH) = 0.2 - 0.03 pb

WH is accessible and easy to
trigger

My < 135 GeV:H — bb
Two b quarks = b-tagging
W — ev = lepton and £t
My > 135 GeV:H — WW*
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Higgs Searches at the Tevatron

Higgs Search Sensitivity

4o ! it

o SUSYHiggs Wot P

< ool

g iggs ity Study (103) ~1

w statistical powsr dnly

2 10 [guiirRies ),

=

]

o

£

E

3 i 5| overy

£ 3¢ Evidence

=1 R P R
L I

100 105 110 115 120 125 130 135 140
Higgs Mass my, (Gewcg)

p— WH — Cuvbb
t=ep,7—e/p)
pp — ZH — ({bb (t=-e,p,v)
pp — WH — WWT W~
pp

K]

—~

o
2]
o
Q

Venkat (U.T.Arlington/D@)

D@ Collaboration published WH
results in electron channel with 174
pb~!

Combined results from electron and
muon channels 400 pb~1! are
currently in review for publication in
PLB

Analysis results presented here
correspond to 1.04 fb~!

Increase in detector acceptance,
Optimization of b-tagging, and
“OR"ing Triggers are new to this
analysis
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Dataset, Triggers and Luminosity

@ Initial Dataset: ~335 million events on tape

@ Data Quality: Compromised data flagged by each subdetector (~5%)
@ Subskim: ~590 thousand events remain when requiring at least

@ one good, track-matched EM object, pr > 15 GeV

@ two good jets corrected for their energy scale, each with pr > 15 GeV

e EM+Jet Triggers: Integrated Luminosity of 1.04 fb—!

List  Trigger pb~?!
v8 EM15.2JT15 23.35
v9 EM15.2JT15 24.73
vli0 EM15.2JT15 9.81
vll  EM15.2JT15 63.40
vl2  E1.SHT15.2J20 227.35
vl3a E1.SHT15.2J_J25 55.22
vi3b E1.SHT15.2J_J30 298.21
vl4  E1.SHT15.2J_J25 333.57

Total 1035.64

@ Single-EM Triggers (Calorimeter-based, Track-based, “OR"-combination)
@ An OR-combination of all Single-EM and EM+Jet
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Physics Background

o tT — (lvvbb

o WZ — jjtllv o Wjj — tujj

e Wbb — lvbb o th — (vbb
q g t< N 2 proton " ' ;
3 i 4 (@

Physics background processes are simulated using PYTHIA, ALPGEN and COMPHEP
All events undergo full D@ detector simulation

°

°

@ All bakgrounds are normalized to their SM cross sections except W + jets

@ W + jets is normalized to data after subtracting all other backgrounds from it.
°

W + jets is largest in pre-tagged and tt, Diboson and tb are significant in b-tagged events
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Tag and Probe Method

Z — ete™ Invariant Mass Spectrum

— Signal
Background

—Total

0 20 40 60 80 100 120 140
M,,, (GeV/c’)
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Two EM candidates with M, e+
consistent with a Z boson

Tag must pass stringent cuts
Probe is required to pass the cuts
relevant to the efficiency being
determined, i.e., trigger

Fit signal/background using
Voigtian /falling-exponential
Probe EM object is matched to
L1/L2/L3 objects (AR < 0.4)

If there is a match at all three
levels, probe passes trigger
Trigger Efficiency, Effiig(n,pT)

__#Probeobjects passing trigger
n #Probe candidates

A Search for Higgs Boson at D@ Fermilab 11 /32



Combining Triggers: “OR"ing Pedagogy

L1 CEM(1,12)

E1 SHT25 — ¢ L2 L2EM(1,15) Name ‘ L1 L2 L3
EM, L1, [24 L34
EMg | Llg - L3
@ L1: Cal. EM object, Er > 12 GeV EMc | L1¢c L[2¢ L3¢
@ L2: L2 EM cluster with Et > 15 GeV
) L.3: Requires an . satlsfylng. o PassProbe(EM, || EMg || EMc) =
tight shower shape requirements with
Er > 25GeV MatchProbe(LlA H L1g H Llc) &&
MatchProbe(L24 || L2¢) &&
Eﬁﬁi,EMFRS Eﬁig;wms i S MatchProbe(L3A H L3B H L3c)
E1_SHT20 E1_SH30 E2_SHT20 E2_SH30 . . .
E3.SHT20 E3.SH30 E1.L50 E1.VL70 @ The luminosity of the dataset is
e e ol determined for the unprescaled trigger
E1.L70 E1_NC90 ce e
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Efficiency

Trigger Efficiency: Single-EM "“OR”

Effirig Calo-only vs. p1, Ndet Effirjg Calo+Trk based vs. pr, Ndet

EMCAL Trigger Efficiency (V13)

SINGLEELE_ALL_v132_pT_deteta Efficiency, with bkg subtr. |
5100 1

100,

Qe E

o 8o g = 08
705 £ 0.7
so% E 06
50;— E 0.5
a0 Ei 0.4
307 | | = == 0.3
20| s=smm= 0.2
10 0.1
e B DT T e S N e e

@ Calo+Trk based triggers have higher efficiency compared to Calo-only

@ Especially true for p§ < 20 GeV for |nge| < 1.1

@ Enables to lower pr threshold for selection of electrons

@ Marginal improvement in efficiency for 1.1 < |nget| < 2.5

o To apply trigger efficiency to MC event, Effyig(p$,15,;) is applied as an
event-weight
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Trigger Efficiency for Simulated Events

L1 CEM(1,10) CJT(2,5)
EM15_2JT15 — ¢ L2 EM(.85,10.) 2JET(10.)

@ Trigger Efficiency for each level/each object is determined separately
@ To apply the overall trigger efficiency per event for MC, define
P(L1 L2 L3) = P(L1) x P(L2|L1) x P(L3|L2 L1)
@ Triggering on electron is independent of trigger on other objects i.e., jets, £t
P(e,jet) = P(e) x P(jet)
@ Overall event-wide probability of passing EM—+Jet Trigger is given by
P(L1 L2 L3, e, jet) = P(Ll,e) x P(L2|L1,e) x P(L3|L2 L1,e) x
P(L1,jet) x P(L2|L1,jet) x P(L3|L2 L1,jet)
@ Luminosity weighted Probability
P(evt) _ Zver ‘Cvef ' PVEf(th)
Zver £ver
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Object ID Efficiency

1= Electron = Jets

Post-preselection Efficiency:c o vs. P, 2

Correction vs. E;, | Toomaions

Shot
T

« Data(CC) 1
s 411 -
= Data(EC)

0z ke 08 Reane=0.5, ;=00

T T P PO POt 0.6™

L
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1
5 F 04<h,, J<08
g T E
& ERR S
I 3
[ - [ = 1 L
F: el T —t— o8-
[ reis 3
0.6 [+
096 = y+jet TagAndProbe
+ Dit TaghndProbe
0.4 = Edata
= 094 + ncusvojots
+ SF(CC) © Diets
021~ « SF(EC) 0921~
| | | | | | L L L [ L L L L Il L
A 20 25 30 35 40 45 50 55 60 6 50 100 150 200 25 3
P, (GeVic) oy V)
0,
e (% CcC EC Ecor guncorr _
; 1 uncorr _

Data ‘ 776 £ 0.3 ‘ 633+ 0.4 @ fies = E— =g FRS
MC 86.6 + 0.1 | 70.6 +£0.2 @ JES Correction: (30-45)% =+ (3-5)%
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High Level Analysis

W + 2(or 3) Jets: Event Selection Criteria
1= Electron 1= Two/Three Jets
o fep > 90%, fiso < 15% @ Jet energy scale corrected, good
@ Shower shape: xZ.7 < 50 (L1conf) Jets
@ Track match to EM cluster (E/p + o Jet; pr > 25 GeV
spatial) Jetr 3 pr > 20 GeV
e |n] < 25,90 >1
| pr Acceptance 0 0.05 < fey < 0.95, fopy < 0.4
CC | >15 GeV In| < 1.1 = Oth
EC | >25GeV 1.1 <|n| < 3.0 ther
@ No other isolated electron
@ EM Likelihood: or muon in the event
> 85% (Tight), > 20% (Loose) o Aj(Er.e) > 1-0.25 xfy

1 Missing Et (£7)

o CC: 7 > 20 GeV
EC: £r > 25 GeV
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High Level Analysis

QCD/Multijet Background

R . Fake Rate 2 jets (%) Fake Rate 3 jets (%)

TOOSE Trigger List c cC EC
v8-11 54 +£0.2 6.3 £ 0.2 6.0 £ 0.2 77 +£02
vi2 57 +0.1 82+ 0.1 8.4 £ 1.0 83+03
v13 6.0+ 0.1 85+ 0.1 8.2+ 1.0 103 + 1.0

v14 6.6 + 0.1 8.8 + 0.1 6.6 + 1.0 8.8 £+ 1.0
) °

€/ isdeterimed using tag and probe

method
9 €qcq0 F1 < 10 GeV
1. Nioose = Nem + chd .
Noor — en N N One good jet |n| < 1.1, fgm < 0.7
2. tight = €lh Nem + €gcd Nged
N - Data - Data
¥ [JW+jets - [Ws+jets
> Er Haco 9 Haco
: AN
N o e
: E | R b
L I e S roo
Venkat (U.T.Arlington/D@) A Search for Higgs Boson at D@

Fermilab 17 / 32



High Level Analysis

Evidence for W + 2 Jets Production
CC Analysis

ﬁw%ﬁ

Events /5 GeV.

=
Events 20 GeV
E!]
s

\ £
" 5
e - & 3 =
et i W =
Elcetron Pseudorapidty,n © T " Wransverse tase (GeVic) o Gevie) o *Difet Mass (Govie?)
EC Analysis
: g | H &
+L Jg H *ﬁ’\ ] i '2 5
[ E 1 g i g
i ty J
o i 5
+ “

‘ i}
‘ &
kil t + i i i & oof- 5
4 ﬁfﬂ* gk Fl g 4 o '0.%" b

gty 3 s

% m % ®_w

B NN
Electron Pseudorapidity, W Transverse Mass (GeV/c?)

oI o
Jat, . (GaVic) Dijot Mass (GeVic?)

edata W-jets QCD Wee/Wrr Wbb th WZ WH
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Identifying b-quark jets: b-tagging

1= Neural Network Tagger - Seven Inputs

Decay length significance of the displaced vertex

Impact parameter significance of tracks @ NN tagger: Large improvement

1)
2)
3) Probability that the jet originates from the primary vertex . ..

4) X2/ Ngor of the fit to the displaced vertex compared to individual taggers
5) No. of tracks used for displaced vertex

6)

7

Mass of the tracks used for the displaced vertex L Tagga blllty: Jet haS at leaSt two

No. of displaced vertices found in the input jets

tracks each with pr > 1 GeV
@ Double Tag (DT)

zg,\?;r Loose operating point

*;soi JLIP @ Exclusive Single Tag (EST)
g I e Tight operating point
£ 70 7 ,
s db(/ Tag ‘ Effy. (%) Fakerate (%)
2 605
oo DT | 593 17

ol 7 EST | 476 0.55

40/

30
¥ p,. > 15and Alln

Py = I i L i i I .
0 2 4 6

8 10
Fake Rate (%)
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Tagging Jets in Simulated Events

@ Tag Rate Functions (TRF): Probability of NN-tagger to tag a b-quark,
c-quark, light-quark jets
@ Data and MC have differences in tracking related quantities
@ Two different approaches
@ Tag MC jets. Correct for difference in taggability and tagging efficiency
WMC(jet) = Fggcgab/'/ity X SFtaggab/'l/'ty x eMC x SFb*)“
o Compute event-wide probability, P(jet) = €taggabiiy X TRF(jet)

N
Y
£

I —
20« 00 120 140 160 20 EC— )
P, (GeVic)

Venkat (U.T.Arlington/D@) A Search for Higgs Boson at D@ Fermilab

20 / 32



b-tagging

Dijet Invariant Mass in b-tagged Events
W + 2 Jets (CC/EC) W + 3 Jets (CC)
362.2+48.0/354/1.26 57.1+8.6/51/0.74 169.1+23.2/136,0.31

H
§ 10}

Events /20 GeV

ET) E) '
o

]
Dijet Mass (EST) (GeV/c?)

71.3+10.3/78/0.16 9.5+1.4/16/0.10 57.8+11.0/46/0.2

] W mo w0 30
Dijet Mass (EST) (GeV/c?) Dijet Mass (DT) (GeV/c?)

Events /20 GeV

[

W w0
Dijet Mass (DT) (GeVic?)

o0 1%
Dijet Mass (DT) (GeV/c?)

@®data O W+jets BQCD W Wee/Wrr mWhh mth EMWZ QWH
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Trigger Optimization

@ Overall combination has higher efficiency than Single-EM alone or EM+Jets alone

@ Define the probability of an event to pass Single-EM or EM+-Jet Triggers
P(Single-EM || EM+Jet) = P(e of EM+Jet) x P(jet of EM+Jet) + P(Single-EM)

- P(e of EJets && Single-EM) x P(jets of EM+Jet)

Trigger Efilency Rato - EJetsSingl EOR I Elts)

14-

A

flnnnllnan] I I
%720 40 60 80 100 120 140 160 1

p, GeVic

1= Signal Significance: (systematics not quoted)

AT TR TOUT P PV TR N PV
%20 20 60 80 100 120 140 160 50
EM p, GeVk

Single-EM EM+Jet Combined
ST DT ST DT ST DT
WH Signal 1.08  1.04 1.04 | 1.60
Expected MC 523.0 177.6 132.5 | 796.9
Observed Data 495 178 115 835
S/VB 0.048 0.089 0.090 | 0.057
A Search for Higgs Boson at D@ Fermilab
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Systematic Uncertainties

Total Uncertainty: ~ 12% for WH and WZ, ~ 26% for Wjj and Whb,
~ 19% for tt, tb and QCD
@ Electron:
@ Reconstruction and identification: 3%
s Trigger efficiency: 3%
o Calibration of the electron energy: 3%
@ Electron energy smearing: 3%
o Primary vertex reconstruction: 4%
@ Jets:
o Jet Energy Scale: ~ 2%
@ Reconstruction and identification: 3%
@ Jet multiplicity/fragmentation: 5%
@ b-tagging: Wjj ~ 21.2% and ~12% for the rest
@ Taggability
@ Tagging scale factor for NN
o Luminosity: 6.1%
@ Theoretical cross section: tt = 16%, tb = 18%, Wjj =~ 20%,
6-9% rest of the processes
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The CLs Statistical Approach

@ Choose dijet invariant mass as the final variable
@ Define two hypotheses
Background Only (Null) Hypothesis, Hy = No signal
Signal+Background Hypothesis, H; = Presence of WH signal
@ Define a Poisson Log Likelihood Ratio (LLR) test statistic

 P(datalHy) e (tB)(s 4+ b)d /e—b(b)d
"~ P(datalHo) d! d!

X:—2InQ:2[s—n|n<1+%>}

Q(5, b, d)

@ Define a confidence level for B-only and S+B hypotheses

CL,,:/ dP"dX n=b,s+ b
Yops

obs
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Cross Section Limits

CL, llustrated
> 0.
"é Signal + Background
3 0.16
Zon LLR o
£
'§ 0.
&
0.

~ K
“h

5 0 5

3
. g
ST TR T [ TT T[T TIT[TTI[TITTTT

1
-2In(Q)

@ PDF for B-only and S+B are populated via outcomes of repeated trials
° curve is the Poisson PDF dPp/dx with mean value b

@ Red curve is the Poisson PDF dPs,/dx with mean value s + b

o Black dotted line is the observed LLR, x4

@ By construction CLg = ClLgyp/CLyp

@ S+B hypothesis is excluded at 95% CL when 1 - CLs < 0.95
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Effect of Systematics

@ Systematics are included into the signal and background outcomes of MC
trials via Gaussian distribution

@ Total uncertainty is 10-20% for signal and 10-25% for backgrounds

@ Theoretical cross section, b-tagging, Luminosity, Jet Energy Scale, Lepton ID

@ Expected Limit: Assumes hypothetical outcome matching expected
background

@ LLRp - LLRs,p Separation indicates discrimination power of analysis

@ 1o and 20 width of LLR), indicates sensitivity of analysis to signal-like
fluctuation in data

@ LLR,ps < 0 = data is signal-like. Observed limit > Expected Limit

o LLR,ps > 0 = data is background-like. Observed limit < Expected Limit
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Limit Ratio and Analysis Sensitivity

s ra— _ s 5 Py =
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Cross Section Limit for W(H) — ev(bb)

g ....................
:i: 15 = Observed Limit
¥ | e Expected Limit
% WH bb
5‘0_, T D@ Run Il Pre;m?;ary
DG Run Il Preliminary F--SMCross'Section
i | | i [ A I .
Ofos 10 Ts 120 1% T30 1 A 105 110 115 120 125 130 135 mN(GeV/cl)s
1 my = 115 GeV/c? Limit Ratio (o0sy = 0.13 pb)
‘ Analysis | Oexp/Tsm | Tobs/Tsm |
Moriond CC (2jet) 12.6 16.8
CC (2jet) 105 18.4
CC (2jet & 3jet) 10.1 20.7
CC+EC (2jet) 10.1 15.1
CCHEC (2jet & 3jet) 9.9 18.4
Venkat (U.T.Arlington/D@) A Search for Higgs Boson at D@ Fermilab
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Summary and Conclusions

Summary

o W + 2jets, W + 3jets (control sample) events are analyzed in EST

and DT tagged events

@ Significant improvement in sensitivity is achieved compared to
previous analyses in addition to an increase due to higher luminosity

o

o
o
CJ

@ Overall increase in sensitivity:

from electron channel

@ No signal is observed in excess of the SM prediction.

@ 95% CL upper limits are derived on the production cross section
o(pp — WH) x BR(H — bb) as a function of Higgs mass in the
range 105 < my < 145 GeV/c?.
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A Search for Higgs Boson at D@

Fermilab

29 / 32



Conclusions

@ WH — fubb ¢ = ey combination yields factor of 2.1 increase in sensitivity
@ 0.67 fb~! of additional data included in the combination. Does not include EC
analysis or Trigger optimization

WH - Ivbb

=

COF'06 (320 pb”, PRL) ————_

115.Gov (x10)

5 (PP — WH) x B(H - bb) (pb)

Q

-

0 02 04 06 08 1 12 14 o L
110 115 120 125 130 135 140 145 150
NN output - 2 tags Higgs Mass (GeV)

@ Further improvements in analysis (NN selection, Improving mass resolution of
dijets, electron/muon ID)

@ Plans for publication of combined result in PLB foreseen in the near future

@ Prospects to exclude low mass Higgs at Tevatron are bright with D@ and
CDF results combination by 2009
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Systematic Uncertainties
Source WH Wz Wbb Wj tt tb  QCD
Trigger eff. 3.0 3.0 3.0 30 30 30
Primary Vertex Reco. 40 4.0 4.0 40 4.0 40
EM ID/Reco eff. 30 3.0 30 30 30 30
EM Likelihood eff. 30 30 30 30 30 30
EM energy/smearing 3.0 3.0 3.0 30 30 3.0
Jet ID/Reco eff. 30 30 30 30 3.0 30
Jet multiplicity /frag. 50 5.0 5.0 50 5.0 5.0
Jet Energy Scale 20 20 3.0 20 30 10
Jet taggability 30 30 30 30 3.0 30
NN-tagger Scale Factor 2.0 2.0 20 150 20 20
Acceptance err. 10.1 101 104 18.0 104 10.0
Cross Section 6.0 6.0 9.0 9.0 16.0 16.0
Heavy-Flavor K-factor 20.0 20.0
Total uncertainty 11.8 11.8 243 284 191 189 188
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Combined Limits: Full SM Combination

; D@ Higgs Cor "L"I"": :"1 g — Observed Limit
3 D@ Preliminary, L=0.9-1.745........ ..., Expected Limit
2
I
T
[3]
I .
T 10 > N LM -
N Lt PRI AN ——
; et e -
iy e
=3
©
E
“
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